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論 文 内 容 要 旨          
【Chapter 1】The colonial microalga, Botryococcus braunii produces and stores long-chain hydrocarbons (triterpenoids) in membranes 
and colonies. Thus, it is expected to be used as a biofuel feedstock. However, since algal cell suspension is dilute, a large amount of 
energy is required to extract hydrocarbons which are converted to biofuels [1]. 
To extract them for low input energy, developing pretreatment process for wet 
biomass prior to the extraction (e.g., cell disruption) is crucial. Numerous 
pretreatment methods were suggested in previous studies. However, because the 
effectiveness of the pretreatment is significantly influenced by several factors 
such as algal species and an organic solvent, it is difficult to determine the best 
pretreatment methods for microalgal lipid extraction. Thus, the accumulation of 
knowledge regarding several pretreatment methods performed under the several 
algal conditions is necessary for future process design. In this thesis, mechanical 
cell disruption to B. braunii was investigated considering scalability and cost-
effectiveness. First of all, algal cells were disrupted using three disruption 
devices, and the effectiveness of cell disruption on hydrocarbon extraction was 
evaluated (Chapter 2). Then, factors influencing on the hydrocarbon extraction 
were investigated, and the prediction of hydrocarbon yield was considered 
(Chapter 3). Individual cell strength of B. braunii was measured, and that was 
compared to the other microalgae (Chapter 4).  
【Chapter 2】To investigate the effectiveness of the disruption of B. braunii 
cells, three cell disruption devices (Fig. 1) were used, and hydrocarbons in the 
Fig. 1 Cell disruption devices. 
(a) High pressure homogenizer,  
(b) Bead mill, (c) JET PASTER 
Fig. 2 Particle properties. (NT) Untreated, 
(a) High pressure homogenizer, (b) Bead 
mill, (c) JET PASTER 
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cells were extracted. The high-pressure homogenizer induces shear force, 
impulsive forces caused by impingement of fluid and cavitation. The bead 
mill disrupts materials in liquid by shear forces between rigid beads and 
algal cells. The JET PASTER disperses particles by intensive mixing. The 
JET PASTER applies shear force and impulsive force caused by cavitation. 
The particle size and shape of samples before and after the cell disruption 
were measured, and the influence of cell disruption on algal morphology 
was investigated. The morphological change in particles after each 
treatment is shown in Fig. 2. The particle diameter of B. braunii became 
small after the treatments irrespective of the device used. Considering the 
diameter of B. braunii cell was approximately 10 m, algal colonies were 
disrupted. Although cells were significantly disrupted by the homogenizer 
(55% of the degree of cell disruption), cells were slightly or not disrupted 
in the bead mill or JET PASTER treatment. In contrast, the hydrocarbon 
yield of disrupted sample (Fig. 3) drastically increased compared to the 
untreated one in all the conditions (e.g., 2.7% to 82.8% after the JET PASTER treatment). Thus, irrespective to whether the cells were 
disrupted, the colony disruption increased the hydrocarbon yield. In the previous study [2], the extracellular polysaccharides (EPS) 
produced by B. braunii is known as preventing the hydrocarbon extraction. Thus, focusing on not only colony disruption but the algal 
surface structure, the microscopic observation of negative staining using India ink was performed. Although the EPS existed tightly 
around its colony in the untreated sample, the EPS were removed in the disrupted sample. This caused low hydrocarbon yield from the 
untreated sample and increased the yield after the disruption. Above facts suggested that the disruption of algal colonies was effective 
for the extraction of a large amount of hydrocarbons while the fractionation of cells is not needed for hydrocarbon extraction from B. 
braunii. 
【Chapter 3】Developing the useful pretreatment method effectively requires the prediction method of hydrocarbon yield which does 
not depend on the complicated hydrocarbon extraction and the quantification and observation of EPS. The algal EPS contains acidic 
sugars (uronic acids) which have carboxyl functional group [3]. Thus, the EPS is ionized and charged negatively depending on the 
culture pH. Although cellulose which is the main component of cell wall does not have the carboxyl group, the cell wall is expected not 
to be ionized significantly compared to the EPS. Based on this nature, the removal of EPS was evaluated by zeta potential. In this chapter, 
particle size distribution and zeta potential were used for quantifying the degree of colony disruption and the change in surface structure, 
simultaneously. Indicating that the colony disruption and EPS removal, enhanced hydrocarbon yield from wet B. braunii in Chapter 2, 
Fig. 4 Negative staining images. Size bar: 20 m  
(NT) untreated, (b) bead mill, (c) JET PASTER  
Fig. 3 Hydrocarbon yield from cell culture. (a) High 
pressure homogenizer, (b) Bead mill, (c) JET 
PASTER 
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the relationships of the colony disruption and surface structure to the hydrocarbon yield were investigated. The zeta potential of algal 
samples without pretreatment was -30.5 mV at pH 9, while that with pretreatment ranged from -29.7 to -18.8 mV. While the algal zeta 
potential to the culture pH is lower depending on the increase of pH, the change in the degree of zeta potential was different according 
to the pretreatment methods. This is because that the removal degree of the EPS was different from the pretreatments. Moreover, when 
the relationship between the zeta potential and the amount of the removed EPS quantified by a phenol-sulfuric acid method was 
investigated, the linear relationship was observed between them (R-squared value = 0.96). And then, the relationship between the zeta 
potential and hydrocarbon yield was investigated, the higher zeta potential indicated higher hydrocarbon yield. However, in the sample 
treated by the JET PASTER, hydrocarbon yield increased largely despite its low zeta potential. To investigate the colony disruption 
quantitatively, particle size distributions were used as  indicators of the degree of colony disruption. When number-size distribution 
and volume-size distribution of the same sample were compared (Fig. 5), the median diameters were significantly different. This is 
because that the number-size distribution emphasizes small particles and the volume-size one emphasizes large particles. For B. braunii 
culture, the existence of algal cells and colonies which were formed by the aggregation of single cells caused the difference in the 
distributions. Here, the relationship between the change in median 
diameter and hydrocarbon yield except for the thermal heating where 
particle size did not change at all was investigated (Fig. 6), observing the 
exponential relationship (R-squared value = 0.81). Above facts suggested 
that: (i) using algal zeta potential for evaluating the removal of EPS was 
effective, (ii) using algal zeta potential for the prediction of hydrocarbon 
yield was appropriated for the pretreatments that did not influence the 
particle size such as thermal heating, and (iii) using particle size 
distribution for the prediction was suitable for the pretreatments that 
changed particle size such as cell disruption. 
【Chapter 4】Understanding cell mechanical strength can decrease the 
excess input energy. In this chapter, nanoindentation method for 
measuring mechanical cell strength was performed. The nanoindentation 
device compresses materials vertically and detects the displacement of the 
prove according to the applied force. In this experiment, the cell fixed on 
the acryl chamber was compressed vertically in the culture medium, and 
the force-displacement curves until 5 mN was applied to the cells were obtained. When the cell burst, the specific point was observed 
shown in Fig. 7. The force at this point was defined as cell strength, and the mechanical strengths of approximately 30 number of cells 
Fig. 5 Comparison of Particle size distributions. 
Fig. 6 The relationship between particle property 
 and hydrocarbon yield. 
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were measured. The strength and conventional stress obtained via the 
experiment were summarized in Table 1. These values were 15–33 times 
higher than those of the other microalgae reported in the previous study [4], 
which was derived from the cell structure of B. braunii. B. braunii has two 
types of cell walls that have different thickness (one of the cell wall thickness 
was 50–55 and the other was 1000 Å [5]), and the cell walls formed double 
layer structure [6, 7]. Hence, the strength of B. braunii cell would be  
reinforced. In contrast, when the energy for disrupting 1 g of cells was 
calculated from the strength and displacement, the value of B. braunii was 
lower or similar to that of other algae reported in the previous study. This is 
because that the cell size of B. braunii (8–10 m) were larger than those of the 
other microorganisms reported in the Overbeck's study (3–5 m), resulting in 
small number of cells in the same dry cell weight. When the cell disruption degree using a high-pressure homogenizer, one of practical  
cell disruption devices, was evaluated by measuring light absorbance of metabolite released to cell culture, the cell disruption degree 
increased with the treatment pressure at above 30 MPa, and 70% of cells were disrupted at 80 MPa. These values were small compared 
to the other microorganisms (146 MPa of homogenized pressure was required for 50% of the disruption of S. cerevisiae cells) [8, 9], 
which were the same species reported by Overbeck's study. This inconsistency to the facts of the cell strength would be derived from 
the algal cell size. The disruption principle of the high-pressure homogenizer is that particles are forced into the narrow valve gap the 
size of which was approximately 8 m at 80 MPa [10], being smaller than cell size of B. braunii. On the other hand, the cell size of S. 
cerevisiae was approximately 5 m, which is smaller than the valve gap. Those facts indicate that the cell size was important for the cell 
disruption using the high-pressure homogenizer. 
【Chapter 5】In this thesis, the cell disruption of B. braunii was performed, and the effectiveness and fundamental algal parameters for 
developing useful method were investigated. The removal of extracellular polysaccharides from colony and disruption of colony using 
three disruption devices enhanced hydrocarbon yields. Measuring the cell mechanical strength enabled to estimate the energy for 
disrupting 1 g of algal cells. 
【Nomenclature】dc: cell size, FB: the force at cell burst, PB: the conventional stress, Wspec: the energy for disrupting 1 g of cells【References】[1] Lardon et al., Environ. Sci. 
Technol., 43, 6475 - 6481 (2009) [2] Furuhashi et al., Algal Res., 16, 160-166 (2016), [3] Atobe et al., J. Appl. Phycol., 27, 755-761 (2014), [4] Overbeck et al., Chem. Eng. 
Technol., 40, 1158-1164 (2017), [5] C. Berkaloff et al., Phytochemistry, 22, 389-397 (1983), [6] C. Largeau et al., Phytochemistry, 19, 1043-1051 (1980), [7] T. Tanoi et al., J. 
Appl. Phycol., 26, 1-8 (2013), [8] E. M. Spiden et al., Bioresour. Technol., 140, 165-171 (2013), [9] E. M. Spiden et al., Biochem. Eng. J., 70, 120-126 (2013), [10] A. R. 
Kleinig and A. P. J. Middelberg, Chem. Eng. Sci., 51, 5103-5110 (1996) 
Table 1 Single-cell compression data. 
dC [mm] 8.93 ± 0.842 
FB [mN] 3574 ± 921 
PB [MPa] 57.6 ± 16.2 
Wspec [J/g] 3.25 
All values represent mean ± SD. 
Fig. 7 Typical force-displacement curve. 
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